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Abstract

“]’his  paper dcscribcs  on-going research and dcvclopmcnt  of
CMOS rrc[ivc pi~c] image sensors for low cost commercial
applications. A number of sensor designs have been
fabrica(cd  and tcskd in both p-well and n-well tczhnologics,
Major clcmcnts  in the dcvclopmcnt  of the sensor inc]udc on-
chip analog signal processing circuits for the reduction of
fi~cd pattern noise, on-chip timing and control circuits and
on-chip analog-to-digital convcrsicm (ADC). Recent results
and continuing cffom in Ihcsc  areas will bc prcscntcd,

introduction

Charge-coupkd dcviccs  (CCIX) have achicvcd  a status  of
tcclll]ology-of+l]  oicc for most imaging applications and have
achicvcd  an i mprcssivc  lCVCI of performance. CCDS can bc
fabricated in television forma(s  (e.g. 640x480) with on-chip
color lenses for less tl)an $20 pm chip for vcr(ically  intcgrakd
industries. Unforlunatc]y, such chips arc noI readily available
to the low-vohmc user and usc of a “CCD foundry” can
dramatically incrcasc  per-chip COSIS. Fabrication of a CCI)
Wafer lot ill a 4-inch Iinc is about the same cost as a CMO$
wafer lot in a 6-inch line, with about 1/3 the usab]c wafer
area. ‘1’bus, for many users, a CMOS image sensor
tcclmo]ogy could rcducc  image sensor costs by as mucl}  as
300Y0. lhr(hcrmorc,  CCDS duc to their intrinsically large
capacitances, arc not readily amenable to inlcgralion  of on-
chip timin~, control and drive electronics. Conventional
CMOS signal  processing circuitry is unavailable on-chip
wilhoul  incurring significant additional cost.  ‘1’lm, these
fhnctions  must  bc performed off-chip by separate ICs. I lcncc,
systcm  integration costs of power supplies, timing and control
ICs, drive electronics, signal processing ICs, and analog-to-
digital convcrtcr  ICs can far outweigh the advantages of a
capt ivc low-cosl CCD fab Ii nc, even if onc were available.

‘1’his paper dcscribcs  the dcvclopmcnt of a CMOS image
sensor utilizing active transistors within each pi~cl to hffcr
the photosignal  and provide incrcascd sensitivity and noise
rcjcclion.  This so-called active pixel scasor approach [1],

while still in its infancy, has already produced reasonable
quality images using cmvcntional  CMOS technology [2].

‘Ikchnology  I}cvcloprncnt  Roadnmp

‘J’hc thcma(ic  goal of our activities is to develop a “can~cra-
on-a-chip” tha( has a full digital intcrfacc. Only digital
signals and power arc input to the chip, and only digital data
is transmitkd ofl chip. ‘1’here arc four major VIJSI thrusts in
the dcvclopmcn[  aclivity. “J’hcsc  arc (1) dcvclopmcnt  of on-
chip liming  and control circuitry, (2) dcvclopmcnl  of a high
pcrfomancc  image sensor pixel for dcploymcn(  in an array
configuration, (3) dcvclopmcnt  of colunm-wise analog
circuits for noise rejection, and (4) dcvclopmcnt  of low-power
on-chip ADC circuits.

A. On-Chip liming  md Control Circuitry

‘1’his circuit dcvclopmcnt  activity can bc considered the most
strai@t  forward part of the overall effort. in the 128x128
CMOS APS dcvicc rcpor!cd in ref. [2], two 7-input NAND
dccodcrs  were used for row and column selection with
external circuits used to step though all possible addresses
and “ras[cr-scan’(  the output of the sensor. such x-Y
addrcssability  is dcsiml for several scientific and machine
vision applications to scan multiple small windows and to
sub-sample images, but is not typically required for image
acquisition for computers or other ccmsumcr products. Thus
on-chip scanning is desired. Readout rate, integration time,
and windowing functions arc to bc downloaded to the chip as
par( of nmdc control in an initial set-up phase of chip
operation. Once set, the chip operates in the commanded
nmdc un(il  f~whcr programming is received. q’hc lirsl
implcrncntation  of these functions is presently king
complctcd  for fabrication in 1,2 micron, single poly, doub]c
mc(al CMOS with 20 micron pi~cl pitch.

11. l’iml  Dewloptnent

2’IIc  basic piwd s(ructurc  used in the previously rcporkd
CMOS APS imagcr is shown below in Fig. 1. “1’hc main
approach is to utiliz.c intra-pixel charge lransfcr to enable
cor[clatcd  double sampling (CI)S) type of operations. Hricfly,
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cllargc  is in!cgratcd  under the photogatc (PG). l’imls  arc
sclcclcd a row al a time, using the sclcc(ion  switch S. The
floating difhsion (FI}) is reset by pulsing the reset transistor
(R), and then lhc source-foliowcr is read out onto a sample
and hold capacitor (Cr)  located at the bouon~ of each colunm,
7’l]c photosigna]  accumulakd  under PG is then transferred to
lhc floating diffusion and the ncw source-follower output is
slorcd on the other sample and hold capacitor (Cs). Columns
arc sclcctcd  and the voltage on both capacitors is read out as a
differential J)air of signals off chip. This approach removes
MC noise through CDS, as WC1l as fired patlcrn noise @}’N)
duc to pi~c]  transistor OJTSCIS, and 1/f noise. 1[ int roduccs
additional k’J’C noise duc to the smplc  and hold capacitors
and IiPN duc to unmatched column source-follower
transistors,
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}’i&. 1. Ikmic Al% pixel  circuit, Circuit located orrtsidc of dotted line is
lomkd  at bot(om  aod common  to all pixels in column,

Several different layouts of the same circuit have been
designed and tested in order to optimize either optical
apcrlurc (a.k.a. fill-factor or aclivc  area) or to form a more
regular active area (c,g. square to simplify fiturc integration
with on-chip microlcnscs)  vs. an irregular shape. A laser spot
scanner has been used to probe the intra-pid  rcspcmsc for
different layout configurate ions and both n-well and p-well
contlgurat  ions. For example, the n-wc]l  dcvicc was found to
have much higher optical response with somewhat higher
inter-pi~c] crosstalk, yet also c~hibitcd  higher dark current.

in addition 10 the floating diflusion  approach illustrated in
Fig. 1, wc have also c~plorcd  floating gate readout for non-
dcslructivc  sampling. In addition, non-overlapping single
po]y designs with inter-gale floating diffusion have been
c~amincd  to better understand noise and lag issues associated
with such a structure. Single poly designs arc more
compatible with sub-micron CMOS fabrication lines. Wc
have also looked at simple photodiodc  arrays buffered by the
in-pixel source-follower. While suffering from higher noise,
they offer higher optical response leading to an interesting
trade. Some of these pixel  issues will  bc rcporlcd in ref. [3],

c. Noise J!ejec(ion  Circuits

Duc to n~isn)a!chcs  in the column-wise Source-follower
circuits, FJ’N lCVCIS  of approximately 3.3’XO  of sahmation
pcrsis(  in the lirs[ generation of CMOS APS dcviccs.
q’cmporal  noise is typically 20-40 c- rms. More advanced
approaches for reducing temporal and fIxrxJ pat[crn  noise arc
being cqlorcd.  The usc of a sin]plc  gain stage and ac-
CC@cd clamp circuit to boost signal and rcducc  k’J’C noise
has been designed and is presently being fabricakd.  Simple
op-amp circuits with auto-zeroing to remove FJ’N arc also
being simulated for fulurc  illlplcli~clltatiorl,  Removal of ITN
is critical to tl~c future succcss of lhc CMOS APS.

D. On- Chi~)  A/l> Convcrlcr

Wc have found the trade space for lower resolution (8-bit)
ADC architectures to bc somewhat flat so that several
approaches for on-chip AA) cmvcrsion arc being
ccmcurrcntly  explored. A colunm-parallel approach is being
used to reduce bandwidth and total IC power rcquircmcnts.
An imagcr  with column-parallel single-slope ADCS  for 8-bit
resolution has been fabricated and is currently under tcsl, A
first order Z-A ADC with a simple counter for the digital
filter has been tested, A second order Z-A ADC has been
dcsi~ncd and fabricated for higher resolution applications.

!hnmary Discussion

‘Jlc NASA R&I) of highly integrated imaging systems for
miniaturiml  deep space instruments has lcd us to c@ore
possible conmcrcial  applications of this technology. It is
apparent that the CMOS APS approach has high potential to
open ncw markets for low cost, non-camcodcr Consumer
imaging systems. As the tcdmo]ogy improves, higher
performance sensors may displace CCDS in many
applications.
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